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Ionization front-driven turbulene in the lumpy interstellar medium
Thomas Peters
∗†
, Robi Banerjee and Ralf S. Klessen
Institut für Theoretishe Astrophysik, Universität Heidelberg,
Albert-Ueberle-Str. 2, 69120 Heidelberg, Germany
We present 3D radiation-gasdynamial simulations of an ionization front running into a dense
lump. In our setup, a B0 star irradiates an overdensity whih is at a distane of 10 pc and modelled
as a superritial 100M⊙ Bonnor-Ebert sphere. The radiation from the star heats up the gas and
reates a shok front that expands into the interstellar medium. The shok ompresses the lump
material while the ionizing radiation heats it up. The outome of this loud-rushing proess is a
fully turbulent gas in the wake of the lump. In the end, the lump entirely dissolves. We propose
that this mehanism is very eient in reating short-living supersoni turbulene in the viinity of
massive stars.
PACS numbers: 47.40.Nm,97.10.Bt,98.38.Am
I. INTRODUCTION
Massive stars strongly inuene the environment in whih they have formed by stellar winds, ionizing radiation and
supernova explosions. An ionization front whih expands into the ambient interstellar medium (ISM) and hits a dense
lump may ompress it so heavily that gravitational ollapse might be triggered. On the other hand, ionization heats
up the material and an photoevaporate the lump. The remaining material of this ompetition may form low-mass
stars [1℄ or brown dwarfs [2℄.
The interation of a shok with a dense lump is alled loud-rushing. The loud-rushing senario has been
studied numerially both for supernova shoks and ionization fronts. The rst extensive studies of the fate of the
shoked loud already showed that strong vortex rings an be produed [3℄. The mixing properties of the loud
depend sensitively on the initial density distribution [4℄. Furthermore, simulations of dense lumps exposed to an
ionizing ux but without strong shoks show the generation of kineti energy [5℄ and fragmentation of the lump [6℄.
Radiation-gasdynamial simulations have also been used to math observations in H II regions, espeially the Eagle
Nebula [7, 8℄.
Although ionizing radiation injets a signiant amount of energy into the ISM, it does not seem to be an important
driving mehanism of interstellar turbulene on a global sale [9℄. However, the loud-rushing proess generates a
onsiderable amount of turbulene loally in the wake of the loud. We nd that the motion of the loud material is
mostly supersoni while the ambient gas behind the front moves only subsonially. The ontinuous heating limits the
lifetime of the dense material, but the supersoni motions are maintained until the loud disperses. This is ontrary
to the situation in jet-lump interations, where the situation is less lear with some studies showing mostly subsoni
motions [10℄ while others laim supersoni veloity elds [11℄.
II. NUMERICAL METHODS
We perform 3D radiation-gasdynamial adaptive mesh simulations with the FLASH ode [12℄, whih is based on
the PARAMESH library [13℄. In addition to the renement with respet to shoks we also make sure that we resolve
the Jeans length with a suient number of ells to avoid artiial fragmentation [14, 15℄. The Jeans length is the
ritial sale for self-gravitating objets, and a dynamial inrease of resolution would indiate a runaway ollapse.
However, the run disussed in this paper show ollapse only temporarily.
Additionally to the standard hydrodynamis and self-gravity, we inlude the ionization feedbak from a massive
star. The radiation feedbak is inluded via a raytraing approah [16℄. There are no radiation pressure terms in the
Euler equations; in this module oupling between hydrodynamis and radiation takes plae only through thermody-
namis. We solve a rate equation for the ionization fration inluding ollisional ionization and photoionization as
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2well as radiative reombination. The energy equation ontains a photoionization heating rate; the equation of state
is isothermal.
III. SETUP
The omputational domain has dimensions (6.0× 2.4× 2.4) · 1019 cm with an eetive resolution of 512× 256× 256
ells. We plae a self-gravitating superritial gas sphere with Bonnor-Ebert density prole [17, 18℄, with mass
M = 100M⊙ in the entre of the domain. It slowly rotates with an angular veloity of Ω = 7.83 · 10
−15 rad/s around
the z-axis orresponding to a ratio of rotational to gravitational energy of β = 0.02. Additionally to the rotational
veloity, a turbulent veloity eld with a magnitude of at most 50% of the sound speed is added. The temperature of
the Bonnor-Ebert sphere is T = 20K, while the ambient gas has T = 90K.
The ionizing soure is loated at the left hand side of the omputational domain at (0.0, 1.2, 1.2) · 1019 cm. It has a
temperature of Ts = 29, 200K and a luminosity of Ls = 24, 000L⊙, representing a B0 star. The radiation heats the
interstellar gas to T ≈ 6 · 104K.
IV. RESULTS
When the simulation starts, the gas next to the soure beomes ionized and heated. An ionization front aompanied
by a shok expands into the ISM. When the shok hits the lump, the lump material is swept away and thereby
ompressed heavily. The shok leaves behind a fully turbulent gas. The hot ionized gas is being mixed with the old
lump material while the radiation heats it up ontinuously. After the shok front passes the lump, the former lump
disperses ompletely.
The time sequene of this proess is as following. The shok touhes the outer edge of the lump at t = 0.40Myr.
At t = 0.53Myr, it reahes the lump entre at x = 3 · 1019 cm, and at t = 0.76Myr, the front has totally enlosed
the lump. Of ourse, the dense material delays the shok, so that the wings of the front an propagate faster. They
enter the shadow zone and meet in the middle at t = 0.77Myr. The lash of these wings is an important driving
mehanism of the turbulene seen in these simulations. It builds up an extended turbulent wake while the ionization
front propagates further into the ISM. At t = 1.09Myr, the shok reahes the boundary of the omputational domain
at x = 6 · 1019 cm. The simulation stops at t = 1.49Myr when the loud has dissolved. Some of the stages of this
time evolution are depited in gure 1.
V. DISCUSSION
A. Energy balane
We start our analysis with a brief look at the energy balane in the ow (see gure 2). The plot shows the total
energy E, internal energy Eint and kineti energy Ekin in erg as a funtion of time t. The B star provides energy to the
system by ionising material. This ontribution is predominantly transferred into internal energy by the photoionization
heating, only a small fration is onverted into kineti energy. For example, at t = 0.5Myr, the ratio of internal over
kineti energy is Eint/Ekin ≈ 57.
Sine the luminosity of the star is onstant in time, the energy transferred from the star to the gas in the om-
putational domain grows linearly. This explains qualitatively the form of E(t) in gure 2. A quantitative analysis
is diult however, sine geometri eets have to be taken into aount appropriately. One would have to aount
for the fat that the star emits its radiation isotropially, while it is not at the entre of a spherially symmetri
omputational domain, but on one fae of a Cartesian box.
B. Mah numbers
The simulation shows that the loud-rushing ow is largely dominated by supersoni motion. This is beause the
loud material is old, so that the sound speed is muh lower than in the hot gas behind the ionization front, where
a wind withM≈ 0.20.4 is observed. The ause of the wind is that the photoionization heating is stronger lose the
soure, whih leads to a pressure gradient and a orresponding ow. Sine the wind prevails in the largest part of the
domain, namely the hot postshok gas, the mean Mah number Mmean is always below unity, while the maximum
Mah numberMmax, whih is reahed at rushing, an be greater than 6.
3Figure 3 depits Mmax and Mmean as a funtion of time. The maximum Mah number traes the shok ahead of
the ionization front. Within a time of 0.15Myr, the shok aelerates up to a onstant veloity of M = 4. For a
short time of another 0.15Myr the veloity seems to saturate, but the ontinuous photoionization heating aelerates
the shok again up to M = 6.5. At this point, when Mmax is maximal, the shok ollides with the dense lump. As
it hits the high-density gas, the shok front moves more slowly. The gas deelerates, so that Mmax dereases again.
However, the wings of the shok that were not aeted by the lump an enter the shadow zone, whih leads to a peak
in Mmax after 0.7Myr. Then these wings ollide, whih stops the motion in y-diretion, so that the Mah number
dereases further. But the ollision of the wings also leads to an aeleration in positive x-diretion, whih an be
seen in a series of peaks from 0.8Myr to 1.1Myr. After 1.1Myr, the shok leaves the omputational domain, resulting
in a sharp drop in Mmax. This demonstrates that the highest Mah numbers are only reahed in the shok front
itself, not in the shok-generated turbulene behind the front. The motion in the turbulent wake is mostly supersoni
with M below 3. The mean Mah number grows ontinuously until the shok leaves the domain, whereafterMmean
delines slowly. The heating of the gas does not hangeMmean.
The dierent stages of the simulation an also be reognized in the probability density funtions (PDFs) of the
Mah numberM. Figure 4 shows mass-weighted PDFs at the moment of loud-rushing (t = 0.49Myr) and after the
shok has left the domain (t = 1.16Myr to t = 1.45Myr). At the rushing time, the high M above 2 all belong to
the shok. The shok then exites supersoni turbulene in the wake, but away from the shok M above 3 is very
rare. While most of the dense gas is supersoni, most of the domain is dominated by low Mah number ows, both
at rushing time and afterwards.
The PDFs of the total Mah number M should be ompared with the Mah number given only by the turbulent
veloity utuations, vturb =
√
v2
y
+ v2
z
, whih is vturb/cs, where cs is the loal speed of sound. These plots are shown
in gure 5. Sine the bulk motion in x-diretion is no longer taken into aount, the Mah numbers are signiantly
lower. At the moment of loud-rushing, the turbulent Mah number is only slightly supersoni, while it is totally
subsoni afterwards. Hene, the bulk motion of the shok (and also the transport of momentum by the wind) is
important to reah the high Mah numbers observed above.
We are also interested in the fration of mass whih moves supersonially. In gure 6 we plot the ratio of the mass
of supersoni gas Msup and the total gas mass in the omputational domain Mtot. Despite of the ompliated mixing
proesses, Msup/Mtot grows roughly linearly until the shok leaves the domain. It is surprising that a signiant part
of the gas moves supersonially, altough most of the energy input is onverted into internal energy (see gure 2).
When the shok front leaves the domain, more than 60% of the gas in our domain is in supersoni motion.
C. Clump struture after rushing
In gure 7, we enlarge a part of gure 1 belonging to the snapshot at t = 1.27Myr and show additionally to the
mass density also the temperature and the veloity omponents vx and vy. The remains of the dense ore have a
temperature around T ≈ 300K, while the ambient ionized medium is at T ≈ 3.5 · 104K. The high temperatures in
the environment give rise to the roket eet, whih aelerates the gas in positive x-diretion [19℄. This is beause
the old gas at the surfae of the lump faing the star beomes heated. Thus, it expands into the postshok medium,
arrying momentum with it, and onsequently the lump aelerates.
The loud-rushing leads to vortial strutures in the wake as an be seen from the lower plots in gure 7. The two
largest strutures around x ≈ 4.2 · 1019 cm and y ≈ 0.7 · 1019 cm or y ≈ 1.7 · 1019 cm, respetively, even have slightly
negative vx and so does a region around the tip of the former ore at x = 3.3 ·10
19 cm and y = 1.2 ·1019 cm. Averaged
over the whole volume, however, the wind, wih moves with vx ≈ 1.5 · 10
6 cm/s, auses a bulk motion of the gas in
positive x-diretion. In order to measure the turbulent omponents of the veloity eld, it is better to fous on the
transversal diretions. The peak amplitude of the veloity omponent in y-diretion, for example, is about half of the
maximum veloity in x-diretion. The large vortial strutures disussed above have total veloities around 106 cm/s.
The upper vortex rotates lokwise, while the lower vortex rotates ounter-lokwise.
D. Line-of-sight veloity proles
A onnetion to observations of moleular louds an be made by looking at veloity proles along a ertain line-
of-sight [20℄. Examplary, we show in gure 8 a prole for vy of the dense ore after rushing at time t = 1.27Myr
(ompare also gure 7). The width of the beam is 3.0 ·1019 cm ≤ x ≤ 4.0 ·1019 cm and 0.7 ·1019 cm ≤ z ≤ 1.7 ·1019 cm,
while y ranges over the whole box width. Note that the prole is a mass-weighted histogram, not a normalized PDF.
We do the same alulation again, but this time only onsidering gas that has T ≤ 103K (low T ase) or T ≥ 104K
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FIG. 1: The main stages of the simulation are shown as 2D uts of the logarithmi mass density log(ρ / g cm−3) in the midplane.
The dierent snapshots are taken at times t = 0.16Myr, t = 0.55Myr and t = 1.27Myr, respetively. The turbulent wake
behind the former lump at the last stage is learly visible.
(high T ase). From the gure we see that the high veloity tails are exlusively related to the high temperature gas.
The peak at low veloities omes mainly from both the low temperature medium as well as a warm envelope with
temperatures between the uts 103K ≤ T ≤ 104K. Additionally to the histograms, we have tted Gaussians to the
low and high T data. Their variane gives a measure for the turbulent veloity and an be related to the width of
spetral lines that are being oberserved.
VI. CONCLUSION
We have seen that loud-rushing by ionization fronts an lead to short-living supersoni turbulene. Altough only
a minute fration of the energy input is onverted into kineti energy, up to 60% of the aeted gas is supersoni.
While it is mainly the old gas that is highly supersoni, it is the hot gas that moves the fastest. The bulk motion of
the shok is an important ontribution to the supersoni ow, sine the transversal utuations are at best slightly
supersoni.
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FIG. 2: The total energy E, internal energy Eint and kineti energy Ekin are shown as funtion of time t. The major ontribution
to E omes evidently from Eint, while Ekin is between one and two orders of magnitude smaller. The point in time where the
shok, whih arries most of the kineti energy, leaves the omputational domain an be distinguished easily.
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FIG. 3: The average and maximum Mah numbers in the ow provide information on the dominane of shoks in the ow. To
ompare these two numbers, the mean Mah numberMmean is displayed amplied by a fator of 5. The peaks inMmax an
be assoiated with events in the loud-rushing senario.
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